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The ARO1 gene of Saccharomyces revisiae encodes the arom multifunctional enzyme. Specific inhibitors of amino acid 
biosynthesis have been used to obtain evidence that expression ofa cloned ARO1 gene is regulated in response to amino 
acid limitation. Northern blot analysis and sequence studies indicate that ARO1 is regulated by the well characterised 
S. cerevisiae 'general control' mechanism. This provides avery economical means of simultaneously tailoring the synthesis 
of five shikimate pathway enzymes to the needs of the cell. 
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1. INTRODUCTION 
The product of the Saccharomyces cerevisiae 
ARO1 gene, the arom protein, is a multifunctional 
enzyme which catalyses five consecutive steps on 
the shikimate, or common aromatic pathway. This 
pathway is responsible for the biosynthesis of 
chorismate from the carbohydrate precursors 
erythrose-4-phosphate nd phosphoenolpyruvate. 
One remarkable feature of the pathway is the 
diversity of organisation of the enzymes and the 
genes encoding them in a wide variety of species. 
The pentafunctional rom enzyme represents one 
extreme-one gene, five activities [1,2]; at the op- 
posite extreme, Escherichia coli has five widely 
scattered genes [3], from which five separable 
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products are synthesised [4,5]. Arom genes have 
been cloned from a number of organisms, in- 
cluding S. cerevisiae [6], Aspergillus nidulans [7], 
Schizosaccharomyces pombe [8] and Neurospora 
crassa [9]. 
We report here that in S. cerevisiae, the five 
shikimate pathway enzymes encoded by the ARO1 
gene are co-ordinately regulated in response to 
amino acid limitation by the so-called 'general con- 
trol' mechanism [10-13]. 
2. MATERIALS AND METHODS 
2.1. Materials 
[ot-32p]dCTP was purchased from Amersham International, 
Amersham, Bucks. RNase-free DNase I was from BCL, Lewes, 
East Sussex. Histidine, aminotriazole and 5-methyltryptophan 
were purchased from Sigma, Poole, Dorset. Analytical grade 
glyphosate was a gift from Dr Stuart Ridley, ICI, Jealot's Hill, 
Berks. Schleicher & Schull nitrocellulose (0.22/~M) was obtain- 
ed from Anderman & Co., Kingston-on-Thames, Surrey. 
2.2. DNA cloning and sequencing 
Recombinant DNA manipulations were carried out as 
described in [ 14]; DNA sequencing by the M 13/dideoxy method 
was as described in [15]. 
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2.3. Isolation of RNA 
1 ml samples of an exponentially growing S. cerevisiae 
culture were harvested by centrifugation (microfuge, 1 min) 
and resuspended in 200/zl of 200 mM Tris-HC1 (pH 7.5), 0.5 M 
NaCI, 10 mM EDTA. 200/~1 of phenol/chloroform (1:1) was 
added, along with glass beads (0.5 g), and the sample disrupted 
by vortexing (2 x 30 s bursts). The aqueous layer was removed, 
and nucleic acids were precipitated following addition of 
ethanol. After recovery, nucleic acids (mostly RNA) were 
resuspended in 9 ,ul of 10 mM Tris-HCI (pH 8.0), 1 mM EDTA; 
1/zl of  RNase-free DNase ! was added and the sample incubated 
(15 min at 37°C). 
2.4. Northern blot analysis of RNA 
DNase-treated, formamide-denatured RNA was separated by 
electrophoresis through a 1°70 agarose gel containing for- 
maldehyde, blotted to nitrocellulose, and probed as described in 
[14]. Probe DNA was prepared by second-strand synthesis of an 
M13mpl9 recombinant template which carries a 2.6 kb BamHI- 
Sstl fragment from pFL6. In the presence of [ce-32p]dCTP, the 
strand complementary to the AROI message was labelled. 
2.5. Preparation of cell extracts for enzyme assays 
50 ml S. cerevisiae $288C cultures (grown on 0.67% yeast 
minimal medium without amino acids, containing 2o7o glucose) 
were supplemented with (final concentration): histidine 
(0.3 mM) throughout growth; aminotriazole (10 raM), 
5-methyltryptophan (0.5 mM) and glyphosate (10 raM), when 
A6o0 = 0.5. After a further 3 h growth, cells were harvested by 
centrifugation and washed (8 ml distilled water). The cell paste 
was resuspended in 350/~1 of 100mM Tris-HCl (pH 7.5), 
1.4 mM fl-mercaptoethanol, 1.2 mM phenylmethanesulphonyl 
fluoride; glass beads were added until the liquid was covered 
and the cells were disrupted by vortexing (3 x 30 s bursts). 
1.5 ml of the same buffer was added and the suspension vortex- 
ed for a further 30 s. The supernatant was removed and cen- 
trifuged (200000 x g for 2 h), to produce the cleared crude 
extract for assay. Extracts were prepared from six identical 
flasks for each supplement. 
2.6. Enzyme assays 
3-Dehydroquinase (3-dehydroquinate hydrolyase, EC 
4.2.1.10) was assayed in the forward direction as described in 
[16]. Shikimate dehydrogenase (Shikimate:NADP + ox- 
idoreductase, EC 1.1.1.25) was assayed in the reverse direction 
as described in [16]. Glutamate dehydrogenase (L- 
g lutamate:NADP + oxidoreductase [transaminating], EC 
1.4.1.13) was assayed as described in [17], monitoring the con- 
version of ~-ketoglutarate to glutamate. Specific activity is in 
izmol -~ .min -~ .mg -~. 
3. RESULTS 
3.1. DNA sequence analysis o f  ARO1 
DNA sequence analysis was carried out on two 
independently isolated AR01 clones, pFL6 and 
pME173, pFL6 is a derivative of YpArl [6]; 
pME173 carries 6.5 kb of S. cerevisiae genomic 
DNA, and was isolated from a Sau3A partial 
digest library (Dacey, S.A. and Edwards, R.M., 
unpublished). The sequencing strategy used has 
been outlined in [15], and consisted of a combina- 
tion of sequencing restriction enzyme generated 
DNA fragments cloned into M13 and specific 
priming using synthetic oligonucleotides. In total, 
6489 bp of the DNA sequence were obtained and 
part of this is shown in fig.1. Translation of this 
DNA sequence revealed a single, long open reading 
frame of 1588 amino acids from the first 
ATG/methionine to the stop codon. Computer 
analysis of the open reading frame revealed exten- 
sive homologies at the amino acid level with the se- 
quence of the arom protein o fA .  nidulans [18,19], 
and with the sequences of the corresponding in- 
dividual E. coli enzymes [15]. 
Inspection of the 5' -flanking sequence of AR01 
reveals a number of features typically found 
upstream of S. cerevisiae genes. Immediately 
before the proposed AR01 translation start is an 
A at the third position before the ATG codon. An 
A at this position is invariant amongst S. cerevisiae 
genes [20]. The location of the transcription start 
site (5'-end of the message) in the DNA sequence 
was determined by the detection of primer exten- 
sions with reverse transcriptase on S. cerevisiae 
mRNA, and confirmed by detection of 
DNA/RNA hybrids protected from digestion by 
nuclease $1 (not shown). The 5'-terminus i the A 
at position -93  (fig.l, located by *). Near to this 
(positions -92  to -86)  is the sequence CCAT- 
TAG which is similar to the consensus PyCATT- 
CPu eukaryotic gene expression signal for a 
'capping site' [21]. A number of regions in the 
5' -upstream sequence show homology to the 
'TATA ' ,  or 'Golberg-Hogness' box which is 
thought to be an essential RNA polymerase II 
recognition sequence within the eukaryotic pro- 
moter. Sequences similar to the consensus 
TATAAAA can be found at positions -138  to 
- 132 and - 119 to - 113. TATA boxes are usual- 
ly found in higher eukaryotes at about 35 bp 
before the transcription start site, but in S. 
cerevisiae genes the distance is somewhat variable 
and usually longer [22]. Another common feature 
is the 'CAAT box' with the consensus 
GCC/TCAATCT,  which has been found in several 
eukaryotic genes about 80 bp upstream of the 
RNA transcription start site [23]. An almost 
perfect match to this consensus is found between 
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-912 CATCATAATCAC -911 
-900 C CTCCACAGACCAACATCCA TA TCATTACCTATTCTATTATCCTGCCA TAAAGTGTTCCA -841 
-840 CATCCCCCATCCTCAACCCTCCTACATCCAAACATTCTACCATTTCCAACCCCATCCCTT -781 
-780 CTCCTCCCCCACCATCATTCCATCTCCATA,~TAACTCCATCCCIU~CCCAAACTACCTT -721 
-720 CAATTCTACCTTTTCCTA.~TTTCCAACATATTCTCCATCTGCTACCCCTTTCTAACCCTG -66! 
-660 TCGTACATTTCTTTAAATACCACAACTACGCTCCCTACACCTCTTCTGACTCTTACCATA -601 
-600 TTATGTGCATGCTTCACTATCATCTCCCCTATTTTCACCTATCTTCA~TTGGCCATTCTA -541 
0/01 
-540 AAGCACGC~AAATCACCAACATAAATCCTATACCATTCAACACTATATGACA -481 
-480 GAAGCAAAACTCCTCACATCATTGCATCATGATTCCCCATCTTCCTTTTTCAAATCCACA -42l 
¢1Cl 
-420 CAACAAAAAG~GCTCAACC ACTCCAACA TCAACATG TTACCTTTTATAG CACG -361 
-360 AATGCCTACCAC ATkACCACTACAACCTTACACACTACATCACGATTAAACCACCCCTC -30|
Kpn! CAAT box 
300 CCAAATTCCCAATATATATCACAAACCTACCTTCC~ACACATTTAATATA -241 
0IC3 C/C4 
-240 CT4AATTGTCATGCATA~-~J~-~TCCCGAACATCAAATTTTTTI~--~CTTTTTTC -18l 
TATA 
TCACCGCCATAOATTCTAACCGCAAATGTCCAACAAATTCA~AT~-~CCCTTTATTA " 121 1 8O 
5' 
TATA G/C5 * cap box 
"120 ATA"A~AAGGTAGGACG(~"~TAI~'C~AACAGATCACAGCTATACTCCCTC - 61 
185 rRNA 
- 60 GTTCAAG~CCTACTTGAGAA~TCCCTACCTAAGATA~TTCTATATTACC - I 
1 ATC~TG CAGTTAGC CAAAG TCCCAATTCTACGAAATO ATA TTATCCACG TTGGGTATAJ~C 60 
I~ t Va IGlnLeuAl ,LysVa IPro l  leLeuG lyAInAspl  e I leHl sVa IC lyTyrAln  
61 ATTCATGACCA~TTGAAACCATAATTAAACATTCTCCTTCTTCGACATACCTTATT 120 
I leNi aAspHI sLeuVa 1GluTh r ! le  [ leLya81 |CysProSer  SerThrTyrVa I 1 le 
121 TCCAATCATACC . . . . . .  ( aroB cod lns  re8 ion  ) . . . . . .  TCACAAATCTTA 4880 
CyllAsnAIIpTh r 8erClnMet Leu 
4681 CTACACCAAGGTGTAGCTCAGTTTGAA.~tGTCGACAG¢ATTCAAGGGCCCTTTCAAGGCC 4740 
Vm IHl aClnGlyVa lAlaGlnPheGluLyiTrpThrGlyPheLy.G l ProPheLy¢Al a 
4741 ATTTTTGATGCCGTTACGAAAGAGTAGACAATAATATATCTATCCTTTTTTATAT'FFrAC 4800 
I lePheAspAl ~IVa lThrLysG |uEnd 
TAC 
4001 AATGCTTCTATCATATCTTTACT/~tCTATC/~TTCCCA~rCAGTCTGACTGCTTAC 4860 
TA'I~T TTT 
4061 /~A-~¢C~CTCTATAI  l I l kACT/~GTTGCAACACTTACAT/~TTAC/~GTTACC 4920 
4921 CTTACATTCTGTOGGATGTAGTCGAAGAACATCTCACACTACCTCATCAAAACATCCAAA 4980 
4981 TCACCTGACCACCCCACTTTCAAAAACATTCTAAGATATTTCACCCAAATCGCCTCTCCC 5040 
$041 CCGTTTATTCACTG~/~TTAATTATCT~CAGTACTATAAATC/~CCTCCCTAT/u~TTC 5100 
5101 GCCCACTTTTGGMU~TCATTATCCTTCAAAGTACATCfiTCCCTTCAATCCCCTATCTAT 5180 
5161 C~TCCCTCTCCTAGGGATATTCTTTTCGCCAGTCCCCAACCTCTTTATATTATCCACCT 5220 
5221 CCATGATCCGTTTACACCTCCAACCTGCTTCCATCATATTACCCCCTCCCAAGTTCCTCA 5280 
5281 TGTACAATC~TCGCCACATCCCGCAAAACCATATTGGATAGTCTCC ~ ATCC/~TCA/~4 5340 
5341 CCCAATCATATGCAACTTACC/~ATCTTCATC/U~TCCCATTCACTTTC~TACTTCATCG 5400 
5401 CCACTCAACACCAATTACACATATAAACTTCAATCCCCAACATCCGGATCTTTTACCT4C 5460 
5461 CTCTTCACTCCATACGTATGTACATGCTTOGGATATGAGAAGTCCACATAGACCATTTTA 5520 
5521 TTCCACAACTTCATC~ACATCTGCTCCTTCTCAACTCAAGTGC/~TTACAACCATCC 5577 
Fig.1. DNA sequences flanking the ARO1 gene. 
positions -264  and -256 ,  making a spacing of 
163 bp before the transcription start site. At posi- 
tions -50  to -43  the sequence ATATAATC is 
found. This shows partial complementarity with 
the 3'-terminus of S. cerevisiae ribosomal RNA 
(3 ' -AUUACUAG-5 ' )  [24]. 
By Northern blot analysis (fig.2, and unpublish- 
(A) H , HIS , M 
0 10 20 40 60 ]20 180 240 
kb 





(B) M H IS  , AT  l M 







Fig.2. Northern blot of mRNA isolated from S. cerevisiae, and 
probed for AR01 sequences. Numbers indicate the time in 
minutes. In A, the culture was supplemented with histidine; in 
B, aminotriazole was added at time point 0. M indicates marker 
DNA fragments of pFL6. 
ed data), we have estimated that the length of the 
polyadenylated ARO1 mRNA is 5050 nucleotides. 
Thus the true length of the messenger is around 
5000 nucleotides after the removal of the poly(A) 
tail, which is typically 50 nucleotides long in S. 
cerevisiae [25]. On the basis that the mRNA 5'-end 
is at position -93 ,  the 3'-terminus is therefore 
located at approximately position 4907. Zaret and 
Sherman [26] have proposed the tripartite 
transcription termination and polyadenylation 
signal sequence TAG. . .TAGT or TATGT. . (AT 
rich)..TTT. Poly(A) addition occurs 10 to 40 bp 
downstream from the TAGT part of this signal. 
One such sequence is found in the ARO1 
3'-flanking DNA, positions 4841 to 4873 (fig.l), 
and this is located at the appropriate distance 
upstream of the deduced mRNA terminus. 
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3.2. General control and ARO 1 expression 
The most striking feature in the 5'-f lanking se- 
quence is the presence of multiple copies of the 
hexanucleotide TGACTC. It has recently been 
shown that a number of co-regulated genes under 
general control have this characteristic short 
repeated DNA sequence in the 5'-noncoding 
region [27-31]. TGACTC is the most highly con- 
served part of a longer consensus for the repeated 
sequence (AA/TGTGACTC)  [27], and is impor- 
tant in vivo for binding of a trans-acting regulatory 
factor, the product of the GCN4 gene [32]. 
Upstream of ARO1,  five sequences which are 
homologous to the short consensus are present; 
those with a 6/6 or a 5/6 match are shown in fig. 1. 
At least two copies of the sequence must be present 
for the gene to be under general control [27]. The 
repeat is normally followed by a run of Ts (which 
are necessary for binding of the GCN4 protein 
[32]). The repeat G/C3 (fig.l), which is a perfect 
match to the consensus equence, is separated by 
15 bp from the run of Ts at positions -184  to 
-191.  There then follows an imperfect repeat, 
G/C4,  which is itself followed 2 bp later by a run 
of 6 Ts. On the basis that these sequence 
homologies were located upstream of the putative 
ARO1 TATA box(es), it was predicted that ARO1 
is under general control. 
In order to test this hypothesis, the specific ac- 
tivities of 3-dehydroquinase, shikimate dehydro- 
genase, and the NADPH-dependent glutamate 
dehydrogenase were monitored under various 
growth conditions. S. cerevisiae was grown to ex- 
ponential phase and a variety of supplements add- 
ed. Growth was continued for a further 3 h before 
the cells were harvested and enzyme activities 
determined (table 1). The results show that the 
presence of aminotriazole (an inhibitor of the S. 
cerevisiae HIS3 gene product, imidazoleglycerol 
phosphate dehydratase, step 7 of the histidine 
biosynthetic pathway) in the medium leads to a 
2.5-3-fold increase in the specific activity of both 
3-dehydroquinase and shikimate dehydrogenase, 
compared with cells grown in the presence of 
histidine. A similar result was obtained with cells 
grown in the presence of 5-methyltryptophan, 
which acts as a feedback inhibitor of anthranilate 
synthase, the first enzyme on the tryptophan 
biosynthetic pathway. No such increase was found 
in the levels of glutamate dehydrogenase under 
Table 1 
Growth 3-Dehydro- Shikimate Glutamate 
supplement quinase dehydrogenase dehydrogenase 
SA RA SA RA SA RA 
Histidine 3.54 1 0.022 1 0.492 1 
Aminotriazole 9.08 2.56 0.072 3.27 0.694 1.41 
5-Methyl- 
tryptophan 9.39 2.65 0.067 3.05 0.658 1.33 
Glyphosate 6.05 1.71 0.041 1.86 0.559 1.14 
SA, specific activity; RA, relative activity 
these conditions: the GDH1 gene which encodes 
this enzyme is not regulated by the general control 
mechanism [11]. Both aminotriazole and 5- 
methyltryptophan re known to bring about induc- 
tion of all of the enzymes under general control. A 
specific shikimate pathway inhibitor was also 
tested under the same conditions. The herbicide 
glyphosate (N-phosphonomethylglycine) acts in 
plants by inhibiting another of the arom activities, 
5-enolpyruvylshikimate-3-phosphate synthase [33]: 
both the bacterial and fungal enzymes are similarly 
affected [34,35]. In this case, a smaller increase in 
the specific activities of 3-dehydroquinase and 
shikimate dehydrogenase was observed in response 
to this inhibitor. It is not known whether this in- 
crease is a general control response, or an ARO1- 
specific response. 
We have shown that the specific activity increase 
was due to de novo enzyme synthesis by following 
the specific induction of ARO1 mRNA after star- 
vation for amino acids. ARO1 mRNA was 
detected on Northern blots during a time course of 
the induction, as detailed in section 2. Although no 
effort.was made to quantify the total RNA loaded 
on the gel, all the samples were treated in precisely 
the same manner. It is clear that in the presence of 
aminotriazole in the growth medium, the level of 
the ARO1 message increases dramatically, 
reaching a maximum after 3 h (fig.2). In cells 
grown in the presence of histidine, the ARO1 
mRNA level remains constant. 
4. DISCUSSION 
The product of the S. cerevisiae ARO1 gene is a 
very large (Mr 174 555) and complex multidomain, 
multifunctional enzyme [15]. Although a number 
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of mult i funct ional  enzymes have been identified in 
S. cerevisiae, this protein is unique in its ability to 
catalyse five consecutive steps out of seven on a 
single biosynthetic pathway. Several reasons have 
been postulated for the existence of this form of 
enzyme organisation, typical of the fungi [36]. 
These include catalytic facil itation [37], channeling 
[38], and co-ordinate activation or regulation of 
enzyme activity [39]. There is at present no con- 
clusive evidence that any of these features can be 
ascribed to arom (Nimmo, G.A. ,  Boocock, M.R. ,  
Lambert,  J .M. and Coggins, J .R.,  unpublished), 
leaving unanswered the question of what advan- 
tage is to be gained by mult i funct ional  gene 
organisation. One consequence of the mult i func- 
t ional gene organisation is that the enzyme ac- 
tivities are synthesised in stoichiometric amounts.  
This avoids the problem of co-ordinating the ex- 
pression of five separate nzyme genes. The next 
logical step would then be to tailor synthesis of the 
mult i funct ional  protein to the biochemical needs 
of the cell and thus avoid the wasteful synthesis of 
unneeded enzyme. S. cerevisiae achieves this by 
placing ARO1 under the general control 
mechanism, making it responsive to aromatic 
amino acid l imitation. In connection with this co- 
ordinat ion of gene expression it is interesting to 
note that in N. crassa, where the arom protein has 
been kinetically characterised [40], the turnover 
numbers of the five enzymes are very similar. 
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